Introduction: Radiotherapy treatment plan quality can influence clinical trial outcomes and general QA may not identify suboptimal organ-at-risk (OAR) sparing. We retrospectively performed patientspecific quality assurance (QA) of 100 head-and-neck cancer (HNC) plans from the EORTC-1219-DAHANCA-29 study. Materials and methods: A 177-patient RapidPlan (Varian Medical Systems) model comprising institutional HNC plans was used to QA trial plans (P trial ). RapidPlan plans (P rapidplan ) were created using RapidPlan and Eclipse scripting to achieve a high degree of automation. Comparison between P rapidplan mean predicted/ achieved OAR doses, and P trial mean OAR doses was made for parotid/submandibular glands (PGs/SMGs) and swallowing muscles (SM). Results: OAR predictions were made within 2 min per patient. Averaged PG/SMG/SM mean doses were 2.0/9.0/3.8 Gy lower in P rapidplan . Using predicted P rapidplan combined mean OAR dose as the benchmark, a total of 60/27/4 trial plans could be improved by 3/6/9 Gy respectively. Discussion: Individualized QA indicated that OAR sparing could frequently be improved in EORTC-1219 study plans, even though they met the trial's generic plan criteria. Automated, patient-specific QA can be performed within a few minutes and should be considered to reduce the influence of planning variation on trial outcomes.
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Radiotherapy treatment plans of patients enrolled in clinical trials are commonly subject to generic quality-assurance (QA) testing to ensure that acceptable levels of organ-at-risk (OAR) sparing and planning target volume (PTV) dose coverage and homogeneity are obtained. However, passing this generic QA procedure does not necessarily indicate that the level of OAR sparing is close to optimal for any given patient. A patient-specific QA procedure is therefore desirable. This is further supported by data showing the large variation in treatment plan quality that can exist between different institutes and planners [1, 2] . It has furthermore been demonstrated that sub-optimal plans may increase normal-tissue complication probability (NTCP) and reduce tumor control [3] [4] [5] [6] . Since sub-optimal treatment plans are not considered in stratification, this may introduce bias, influence outcomes and increase the sample size necessary to detect differences between clinical trial arms.
Due to the nuances of an individual patient's geometry, it is often hard to visually determine whether (near-)optimal levels of OAR sparing have been reached. One approach involves manually replanning the treatment plans, but this is impractical, laborintensive and prone to bias. Instead, knowledge-based planning (KBP) approaches such as RapidPlan TM (Varian Medical Systems) might be used to perform objective and automated patientspecific QA of treatment plans. RapidPlan requires the construction of a model based on a library of previously created treatment plans. This model correlates certain geometric features of the included patients (e.g. relative OAR-PTV positions and OAR/PTV volumes) with obtained OAR doses [7] [8] [9] . By analyzing the position of the OARs/PTVs on a delineated CT-scan, for each of the included OARs, the RapidPlan model performs patient-specific OAR dose predictions within a few minutes [7, 10, 11] . The predicted DVHs can be used to optimally position the optimization objectives thereby resulting in an actual treatment plan. Additionally, because these OAR dose predictions are in good agreement with the OAR doses in a plan made by RapidPlan, they can be used to QA a previously created treatment plan. The doses to all OARs can be compared with their respective predictions [12] . If the dose predictions turn out lower than the OAR doses that were achieved, the treatment plan is likely suboptimal and should be considered for replanning.
In the present work, we use this approach to create a highly automated, patient-specific plan QA workflow. We have retrospectively performed patient-specific QA of 100 plans submitted to the EORTC-1219-DAHANCA-29 study (https://clinicaltrials.gov/ct/ show/NCT01880359) for locally advanced head and neck cancer (HNC).
Materials and methods
This investigation was approved by the EORTC, which made available anonymized treatment plans, consisting of delineated CT-scans and dose distributions, for 100 patients submitted from 13 centers to the EORTC-1219-DAHANCA-29-trial. These treatment plans were imported into our treatment planning system (Eclipse v15.1, Varian Medical Systems) for further analysis. Detailed study requirements can be found at http://www.eortc.org/re-search_field/clinical-detail/1219/. In brief, a simultaneous-integrated boost (SIB) technique is used, with boost/elective PTV (PTV B /PTV E ) prescriptions of 70 Gy/54 Gy, delivered in 35 daily fractions of 2 Gy/1.55 Gy. Coverage and homogeneity criteria required D95%>95% and D98%>90% (Dx% = dose received by x% of structure volume), with median PTV dose ± 2% of the prescribed dose and PTV B D5% < 107%. Intensity-modulated radiotherapy (IMRT) is mandatory (e.g. volumetric-modulated arc therapy [VMAT], TomoTherapy Ò ). Delineated OARs always included spinal cord and brainstem (typically with 3-5 mm planning-at-risk volume [PRV] expansions), and both parotid glands; and, depending on the institute and degree of PTV overlap, mandible, submandibular glands, larynx, oral cavity, thyroid, trachea and esophagus. The planning requirements for the OARs and PTVs outlined in the trial and summarized in Table 1 .
RapidPlan model creation
OAR dose predictions were generated using our institutional RapidPlan model containing 177 clinical VMAT HNC plans ( Table 1 ) created using automatic interactive optimization for consistent, high-quality plans [13] . They had the same PTV B /PTV E dose pre- Table 1 The number of structures that were included in the 100 trial plans (P TRIAL ) and the 177 patient head and neck cancer RapidPlan model, along with the averaged structure volumes. PTV E was defined as the total elective PTV, with the boost PTV (PTV B ) and a 5 mm transition region subtracted. Since the RapidPlan model contained no entire larynx structure, this structure was matched to the closest corresponding structure -the upper larynx. For the mandible, only maximum dose values are considered clinically relevant. The model therefore solely assigns fixed maximum dose objectives, instead of positioning a range of optimization objectives based on the predicted doses to this structure. 'Line objectives' under the RapidPlan optimization objectives column refer to the use of a line of optimization objectives, generated by RapidPlan, used for patient-specific optimization. scription as the trial and attempted, where feasible, to spare the oral cavity, parotid and submandibular glands, and various structures in the neck (e.g. individual swallowing structures [14] , lower/upper larynx, esophagus, trachea and thyroid). The optimization objectives used by RapidPlan are shown in Table 1 .
Automated plan QA
Using the Eclipse TM application programming interface (API, Varian Medical Systems v15.1), scripts were written to fully automate OAR dose predictions and subsequent creation of dual-arc VMAT plans solely using a delineated CT-scan as input. The delineations provided by the EORTC were used, and no additional OAR contours were created. The software allowed the work to be batched and took into account variation in structure nomenclature. A detailed explanation of the automated treatment planning process is provided in the supplementary materials. In brief, the software automatically positions dual-arc VMAT fields. The RapidPlan model is used to predict the range of achievable DVHs for all OARs (e.g. salivary glands, swallowing muscles and oral cavity), and position minimum/maximum dose objectives for the boost/elective PTVs, and maximum dose objectives for the spinal cord, brainstem and mandible. Lines of optimization objectives are automatically positioned along the inferior boundary of the DVH-prediction range of the parallel OARs, allowing for an automated optimization process, which is performed subsequently by the script, resulting in an actual treatment plan after performing dose calculation (Acuros v13.7). In cases where the EORTC plan used IMRT, we nonetheless made a VMAT plan, although the same optimization objectives could have been used to drive IMRT optimization.
Study endpoints
After running the script, two treatment plans were available for each patient:
1. A trial plan (P trial ) from a center participating in the DAHANCA trial, with associated OAR and PTV metrics.
A RapidPlan plan (P rapidplan ) providing predicted and achieved
DVHs for all OARs that were delineated in P trial .
To facilitate OAR dose comparisons between P trial and the RapidPlan predictions, a ''predicted mean dose" was constructed for each OAR by firstly calculating the 'mid-prediction' DVH by averaging the doses at of the upper and lower DVH prediction boundary at each volume percentage, and secondly calculating the mean dose of this mid-prediction DVH. To conform to previous findings [13] , the accuracy of the OAR dose predictions was evaluated by comparing the predicted and achieved mean OAR doses in P rapidplan , along with the fraction of the achieved DVH-lines falling below/inside/above the DVH prediction ranges.
Resulting P rapidplan and P trial plan quality was assessed using protocol PTV B /PTV E dose coverage criteria (e.g. doses received by 95%/98% of the PTV volume [D95%/D98%], and D5% and the homogeneity index [HI = 100% * (D2%-D98%)/D50%] for PTV B . P rapidplan was normalized such that the mean PTV B doses were equal to P trial , which were exported including normalization. Both sets of plans were compensated for PTVs approaching the surface of the body; P rapidplan included a virtual bolus region, while P trial , depending on the center that provided the plan, could either use a virtual-bolus region, or have PTVs cropped underneath the skin. For the analysis between Ptrial and Prapidplan, we used the same PTV structures.
Furthermore, a comparison was made between maximum mandible, spinal cord, brainstem doses; mean OAR doses including composite dose-reporting structures containing all salivary/swallowing structures (comp sal /comp swal ); and normal-tissue doses (e.g. V5Gy/V30Gy/V50Gy/mean dose to body-PTV). Differences were assessed using a paired, two-sided Student t-test, with p < 0.05 considered significant. Time requirements for the various aspects of the treatment planning process were determined for the first 5 patients. For illustrative purposes, it was evaluated for how many OARs the mean doses differed more than 3/6/9 Gy between the RapidPlan predicted OAR doses, and the P rapidplan and P trial achieved OAR doses.
Results
Averaged over five patients, automated positioning of the treatment fields in P rapidplan and generating the DVH-predictions and patient-specific optimization objectives required 1.7 ± 0.2 minutes, VMAT optimization and dose calculation 15.3 ± 2.2 minutes, and the final plan was completed within 28.4 ± 3.9 minutes. Table 2 summarizes the dosimetric results, averaged over all patients. One P trial and one P rapidplan plan, of different patients, failed PTV dose coverage and homogeneity criteria, violating the D98% < 90% requirement of PTV E . Although all remaining Rapid-Plan plans fulfilled the trial criteria, averaged over all patients, P trial PTV B dose coverage and homogeneity values were significantly better. PTV E dose coverage and homogeneity, and maximum doses to spinal cord, brainstem and mandible were similar with a maximum difference of only 1.8 Gy between P trial and P rapidplan . Averaged over all plans, P rapidplan achieved significantly lower mean doses for all OARs (e.g. 1.5/9.1 Gy for CL parotid/submandibular glands; and 3.1/6.3 Gy for larynx/esophagus). In addition, P rapidplan Body-PTV mean dose, V5 Gy and V30 Gy decreased by 1.7 Gy, 2.5% and 0.6%, respectively, while V50 Gy increased by 1.6%.
There was close correspondence between the predicted and achieved mean OAR doses in P rapidplan (Table 2) , with average differences of 0.8 ± 0.7 Gy (0.1-2.5 Gy). The high prediction accuracy of the model is also demonstrated by Fig. 1 . For the majority of OARs (442/570), the P rapidplan achieved mean dose is within ±3 Gy of predicted. In contrast, P trial mean doses were considerably higher than the Rapidplan predicted doses (Fig. 1B ) and the mean dose could be improved by >3 Gy for 293/570 OARs, while respectively 187/570 and 116/570 OARs could be spared by >6 Gy and >9 Gy.
Table S1 (Supplementary materials) shows the DVH-prediction width for each OAR, averaged over all patients. The DVH-prediction bands were generally smallest for the CL parotid (5.4 ± 0.5 Gy), and largest for IL submandibular gland (12.6 ± 1.5 Gy). This Table also shows the percentage of DVH points falling within, above and below the DVH prediction range, averaged over all patients. For P rapidplan , 77.8 ± 13.2% of the achieved DVH-lines was located within the prediction range, while for P trial this was 43.5 ± 14.8%.
The histogram in Fig. 2 illustrates the resulting dose differences between the achieved mean dose in P trial and the predicted mean dose in P rapidplan . To balance the dose contributions of similar OARs, mean dose differences were averaged over both parotid glands, both submandibular glands, and over all swallowing structures. These data show that for, the majority of structures, the predicted mean dose was substantially lower than the mean dose achieved by the trial plan. This indicates, without making a treatment plan, that a high proportion of P trial plans could be improved. These differences were especially prominent for the swallowing muscles and submandibular glands, of which respectively 39 (out of 93) and 43 (out of 61) could have been spared by >6 Gy. Conversely, oral cavity mean doses were occasionally lower in P trial than predicted by RapidPlan, with dose differences of 3 (out of 92) of these structures exceeding 9 Gy. For only 11/100 patients, achieved mean OAR doses, averaged over the structures shown in Fig. 2 , were 0-3 Gy lower in P trial than predicted by RapidPlan. Conversely, in 33/100, 23/100 and 4/100 plans, predicted mean doses were respectively 3-6 Gy, 6-9 Gy and >9 Gy lower in P rapidplan than achieved in P trial .
Discussion
In this proof of principle analysis, we created a highly automated patient-specific plan QA workflow using a commercial KBP solution and software developed using the Eclipse application programming interface. Performing patient-specific QA, in contrast to evaluating plans using generic QA criteria, ensures that only high-quality plans are accepted into clinical trials. As a result, differences in outcome are less likely to be influenced by variations in treatment plan quality, and more likely to be due to the intervention under investigation, potentially increasing statistical power. The flowchart in Fig. 3 suggests a possible workflow for applying Table 2 Dosimetric parameters of the planning target volumes (PTVs) and organs-at-risk (OARs) found in the trial and RapidPlan plans (P TRIAL and P RAPIDPLAN , respectively), averaged over all included patients (n = 100). Results show mean dose ± standard deviation.
Dosimetric Parameter
Structure P TRIAL Achieved P RAPIDPLAN 1 . The mean dose of the DVH prediction range (y-axis), plotted against the mean dose achieved in P rapidplan (Fig. A) and P trial (Fig. B ) for all OARs (n = 570). The unity is indicated with the solid lines, while the long dashed, short dashed and dotted lines represent ±3 Gy, ±6Gy and ±9 Gy dose differences between the predicted and achieved mean OAR doses.
OAR DVH predictions generated by RapidPlan to provide patientspecific QA of plans. Using DVH-predictions alone identified 60/100 trial plans for which average OAR doses could potentially be improved by >3 Gy. Note that this threshold was chosen purely arbitrarily to demonstrate patient-specific plan QA approach using RapidPlan. Within each trial it could be discussed which deviation of OAR doses from the prediction would be acceptable. The largest improvements were often noted in patients with only a limited number of delineated OARs (Table 1 ). An important pre-requisite for applying RapidPlan in this fashion is high prediction accuracy of the model, i.e., a close correspondence between the DVH-lines that were predicted by RapidPlan, and the DVH-lines that were achieved when creating the actual treatment plan. For our model, this was demonstrated by Fig. 1 , Table 2 and Table S1 . Since treatment plans that comprised the RapidPlan model take into account all delineated structures when performing the DVH-predictions, it is possible that the amount of achievable OAR sparing was underestimated in patients with a limited number of delineated OARs, meaning that further improvements in sparing might be feasible. Although the absolute differences were small, PTV B dose coverage and homogeneity values were significantly worse in P rapidplan compared to P trial . This is likely to have several causes, including differences in plan normalization, or PTV optimization priorities being higher in some of the trial plans. Because our aim was to perform this analysis with a workflow that was as automated as possible, it was not attempted to manually re-optimize individual plans or super-impose DVH curves. The risk of this approach is that, since there is an exponential trade-off between OAR sparing and PTV dose homogeneity [15] , this may have resulted in an over-estimation of the potential for additional OAR sparing. We therefore performed a secondary analysis to see if this was likely. Table 3 shows data for those 50/100 patients with the PTV B homogeneity index of P rapidplan that was at a maximum 1% worse than achieved in P trial. These results show similar levels of OAR sparing as demonstrated in Table 2 , indicating that the improvements in predicted and achieved OAR sparing in P rapidplan were not driven primarily by the differences in PTV dose coverage and homogeneity. In addition, a relatively large sample size (100 plans) was used to try and improve the robustness of the conclusions. We have not specifically evaluated the extent to which differences in approach to normalization; differences in the way in which the plans handled PTV dose coverage when the PTV approached the skin (e.g. PTV cropping vs bolus); and differences between planning systems (including in performance close to the surface region) may have influenced PTV dosimetry. Additional attention is needed to such issues if fully automated QA approaches were to be implemented in practice: how to handle PTV structures in which surface compensation methods and normalization differ? Should you benchmark OAR sparing in the submitted plan against a plan providing the same PTV dosimetry, or one that provides a little less PTV dose, but still meets the trial criteria? Additional challenges of practical importance for automation were encountered, including varying nomenclature and spelling of structures and multiple structures with similar names.
Normal-tissue complication probability (NTCP) models can be used to assess the impact of suboptimal treatment plans. For example, for 16/100 plans, the average predicted doses to the parotid glands were >6 Gy lower than the mean dose achieved in the Fig. 2 . A Histogram represents the differences between P trial achieved mean dose and the predicted mean dose in P rapidplan for the salivary glands, swallowing muscles, oral cavity and the average of these structures. Fig. 3 . A flowchart proposing how a clinical trial can use the organ-at-risk (OAR) dose-volume histogram (DVH) predictions generated by a RapidPlan model to perform patient-specific quality assurance of submitted treatment plans. submitted plan (P trial ). Evaluating these dose differences using the NTCP model of Dijkema et al. [3] shows that, depending on the initial dose, the NTCP for a >75% reduction in salivary flow ratio after treatment, may decrease by >10%. At the least, the present results suggest the need to consider plan quality variations in each clinical trial arm when stratifying patients and interpreting outcomes.
Assessment of the generic QA process in this trial based on a benchmark case sent to participating centers before patient inclusion concluded that ''the overall results of the treatment plans were satisfactory, without the presence of unacceptable protocol variations" [16] . However, the present analysis shows the added benefits of patient-specific QA. In addition, the fact that we observed substantial variations in plan quality even when all trial plans were made using techniques available for many years, indicates the scope for additional training/improvement strategies in advanced planning within the radiotherapy community. This is illustrated by, for example, the results for the submandibular glands, which in 43 plans could have been spared by >6 Gy.
Moore et al. used an in-house KBP solution for patient-specific plan benchmarking in the RTOG 0126 prostate cancer trial, and identified a substantial number of patients at risk for increased rectal toxicity due to suboptimal plans [17] . In the present study, we analyzed a complex tumor site and used the combination of a commercial KBP solution and scripting to develop a process allowing for near real-time patient-specific QA. A further strength of the current study is that the RapidPlan model was created using automatically optimized treatment plans made with a consistent planning strategy [13] . If a submitted plan is deemed suboptimal after patient-specific QA, the trial committee could choose for example to send the predicted OAR DVHs to the submitting center who may decide to use this to improve their optimization. Such steps also have the potential to be largely automated.
Strong correlation was observed between predicted and achieved RapidPlan OAR doses despite the fact that the model was constructed using clinical treatment plans from a single institute, rather than trial plans, an approach used by Geng et al. [18] and even though the trial plans varied considerably in the number of delineated OARs (Table 1) , OAR contouring, optimization strategies and treatment techniques. However, it should be noted that the 3 oral cavities were spared >9 Gy better than predicted by our RapidPlan model (Fig. 2) , are likely the result of contouring differences, which may be especially prominent for this structure as it is not a well-defined organ. Such differences may have caused extrapolation errors by our model, resulting in relatively poor predictions. Variation in salivary glands and swallowing structures delineations have been shown not to lead to inferior dose predictions [19] .
One patient was identified for which P rapidplan was worse than P trial . Detailed analysis indicated that this was likely due to the PTV B volume being considerably larger than the average in the model (486.0 cm 3 versus 181.0 ± 127.3 cm 3 ), while PTV E was smaller (259.8 cm 3 versus 560.1 ± 177.4 cm 3 ). This led to poor DVH predictions and suboptimal OAR sparing. Strategies to overcome this could include increasing the size of the RapidPlan model to add more variation in PTV-OAR geometries and to incorporate limits above which a KBP may be deemed not suitable for an individual patient.
A number of other limitations deserve mention. In our model, the swallowing muscles were contoured individually (upper/lower larynx, inferior/medial/superior pharyngeal constrictor muscle), whereas only the combined structures were available in the EORTC plans. Since the volume of these structures was therefore typically larger in the EORTC plans, the model had to perform extrapolations, potentially degrading the OAR predictions. Such volumetric Table 3 Dosimetric data for the subset of 50/100 patients for which the P rapidplan PTV B homogeneity index was at maximum 1% worse than achieved in P trial . These results demonstrate the improved levels of OAR sparing in P rapidplan did not result from the slight decreases in PTV dose coverage and homogeneity compared to the trial plans. For reference, the dosimetric values obtained over the entire cohort (n = 100) of patients are shown next to the subset of patients. differences might have affected more structures, considering for example, the large differences in PTV E size between P trial and P RapidPlan . Regardless of these volumetric differences, RapidPlan could still be successfully applied to patients contoured following different delineation strategies, which can be considered a strength of the knowledge-based planning approach to provide automated QA of clinical trial plans. It is also important to note that our proposed automated plan QA approach is highly depended on the quality of the KBP model library. If poor quality treatment plans had been used to construct the model, the DVH-prediction ranges would become wider, leading to the rejection of fewer patients. There is currently no standard way to objectively determine the quality of plans that might be included in a model. Finally, our RapidPlan model was constructed solely using VMAT plans. The resulting, VMAT-shaped DVH-predictions, were not only used to benchmark P trial plans created using VMAT, but also included IMRT and TomoTherapy plans. This difference in planning/delivery technique may have had some influence on the percentage of the achieved DVH-curves falling below/inside/above the DVHprediction, as presented in Table S1 . However, we believe this effect is likely to have been modest, since similar levels of OAR sparing can be obtained between these techniques [20, 21] . It should also be noted that our institutional plans that comprised the model, and the plans submitted to the DAHANCA trial, may have differed in terms of planning aims. However, the planning aims of the trial (shown in Table 1 ) are the minimum requirements that should be fulfilled. Treating centers often use additional planning requirements that could be stricter than those mentioned in the trial. For example, the PTV coverage requirement in the trial is D95% > 95%, whereas our institutional protocol requires D98 > 95%. Using a model that satisfied the trial criteria regarding PTV dose coverage and homogeneity would therefore likely have led to lower OAR dose predictions. Finally, the specific treatment planning system (Eclipse) and optimization/dose calculation algorithms used may influence the results.
In conclusion, the present work has demonstrated the role of knowledge-based planning to provide largely automated patientspecific QA of treatment plans using individualized model-based dose predictions. It has also highlighted that there is room for improvement in how advanced treatment plans are made. When used on HNC treatment plans that were submitted to an ongoing trial, improvements of >3 Gy in OAR sparing could be obtained in about three-quarters of patients.
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